Abstract
. In addition, the endothelial glycocalyx plays an important role in the shear stress sensing, mechanotransduction and NO-mediated vasodilation. Both leucocyte infiltration as well as shear stress sensing are of eminent importance for the growth of collateral arteries [3, 4] (Fig. 3) .
, but the structural morphology of the glycocalyx in growing collateral arteries, its reaction upon collateral vessel recruitment or its functional importance for arteriogenesis have not yet been investigated. In this study, we aimed to screen for indirect parameters of local glycocalyx alterations in collateral arteries of coronary artery disease patients by measuring local plasma levels of glycocalyx components in the collateral circulation. We further investigated glycocalyx morphology and effects of glycocalyx modulation on arteriogenesis in a rabbit model of collateral artery growth.

Experimental procedures Patient study
Patient selection. This study was approved by the institutional medical ethics committee. After giving informed consent, 40 Caucasian patients scheduled for percutaneous coronary intervention (PCI) of a high-grade stenosis (n ϭ 24) or a total coronary occlusion (n ϭ 16) were included. Exclusion criteria were previous myocardial infarction in the area of collateralization, previous cardiac surgery, severely depressed left ventricular function, diabetes mellitus, neoplastic disease and signs of inflammatory illness. Collateral flow index (CFI
To asses a potential stimulating effect of glycocalyx degradation on monocyte infiltration, we performed histological analyses of the perivascular macrophage accumulation at 3 and 7 days following femoral artery ligation (Fig. 4) .
Glycocalyx [12] . Although angiogenesis and arteriogenesis differ in these aspects, they also share several mechanistic principles, such as the infiltration of circulating cells. The different forms of vascular growth have recently been reviewed [13] .
Hyaluronidase has no direct anti-proliferative effect on vascular smooth muscle cells. To investigate a potential direct inhibitory effect of hyaluronidase on vascular smooth muscle cell proliferation, we added different concentrations of hyaluronidase to cultured VSMCs. Incubation with hyaluronidase in vitro did not influence smooth muscle cell proliferation (see supplementary data section). Perturbation of the glycocalyx reduced the expression of shear-regulated and pro-arteriogenic genes in collateral arteries. As the endothelial glycocalyx was previously shown not only to influence leucocyte adhesion but also to facilitate mechanotransduction of fluid shear stress in endothelial cells, we measured the expression of eNOS and TGF-␤1 as two shear stress-regulated genes involved in arteriogenesis. Quantitative RT-PCR of isolated collateral arteries showed a small but significant reduction in expression of both eNOS (relative expression
Discussion
We provide indirect evidence for the local shedding of hyaluronic acid from the endothelial glycocalix in the coronary collateral circulation of coronary artery disease patients and describe a reduced endothelial glycocalyx width and altered glycocalyx surface pattern in growing collateral arteries following femoral artery occlusion in the rabbit. This decrease in glycocalyx width is correlated with the accumulation of perivascular macrophages around growing collateral arteries and further glycocalyx degradation by continuous local hyaluronidase infusion resulted in a temporary stimulation of monocyte infiltration. However, this approach of glycocalyx perturbation resulted not in a further stimulation, but in © 2009 The Authors Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 4 Macrophage accumulation around growing collateral arteries from the quadriceps muscle (400ϫ magnification) shown in a double staining for the macrophage marker CD68 (red) and alpha-smooth muscle actin (green). Macrophages were not regularly present in the perivascular space of unrecruited anastomoses (A, B). Following femoral artery ligation, macrophages are accumulating around growing collateral arteries at day 3 after the induction of arteriogenesis, with a significantly higher number of infiltrating cells in animals treated with hyaluronidase (C), compared to animals treated with the inactivated enzyme (D). At day 7, this difference between hyaluronidase treated (E) and control animals (F) was no longer statistically significant (G). Glycocalyx perturbation resulted in a significant reduction of the expression of the shear stress-regulated pro-arteriogenic genes eNOS and TGF-␤1 (H). a strong attenuation of collateral artery growth. This might be due to a negative effect on endothelial shear stress sensing and mechanotransduction, as suggested by the decreased expression of shear stress-regulated pro-arteriogenic genes in collateral arteries following artificial glycocalyx perturbation. This is the first study implicating an involvement of the endothelial glycocalyx in collateral artery growth.
Arteriogenesis and angiogenesis
The growth of functional collateral arteries (arteriogenesis) differs in several aspects from the sprouting process of capillaries (angiogenesis). The term arteriogenesis refers to the enlargement of pre-existing arterial and arteriolar blood vessels upon the occlusion or stenosis of a major artery in the same perfusion territory [11]. Although hypoxia is the main stimulus for angiogenesis, arteriogenesis is relatively independent of local oxygen tension and driven by a change of biomechanical forces due to the increase in the pre-and post-stenotic pressure gradient, resulting in a shift of blood flow towards the yet unrecruited anastomoses. Meanwhile there is compelling evidence that fluid shear stress is indeed an important stimulus for arterial enlargement
Endothelial glycocalyx morphology in growing collateral arteries
Besides heparan sulphate proteoglycans, hyaluronic acid glycosaminoglycans are a main component of the glycocalyx [14] . [2] . In our study, we now observe a similar phenomenon in newly recruited collateral arteries, with a reduced glycocalyx width and a more irregular surface pattern compared with quiescent anastomoses. Both ischaemia as well as proinflammatory stimuli [15] have previously been shown to induce a shedding of the endothelial glycocalyx, decreasing the glycocalyx barrier for leucocyte adhesion and extravasation [16] . In the case of arteriogenesis, infiltration of circulating cells in the perivascular space is essential to mediate the remodelling process resulting in the increase in arterial diameter [4, 17] . Arteriogenesis is an inflammatory-like process [16] and the adaptive reduction of local glycocalyx width could facilitate the adhesion of circulating leucocytes to the collateral endothelium and subsequent transmigration in the perivascular space. Indeed, our results show an increased number of perivascular macrophages around growing collateral arteries compared with the quiescent anastomoses from the contralateral hind limb, in good correspondence with previous studies in different animal models of arteriogenesis [18, 19] . In addition, further glycocalyx perturbation resulted in an increase in the number of perivascular macrophages at 3 days after femoral artery ligation. In vitro data also suggest a change in glycocalyx composition dependent on fluid shear stress pattern with a stimulation of hyaluronan incorporation by high laminar shear stress [20] . Since our merely morphological assessment of the collateral glycocalyx did not allow an analysis of glycocalyx composition, this question remains to be answered by future investigations. [7] and hamsters [21] . Our electron microscopical studies on rabbit collateral arteries verified this effect of hyaluronidase infusion and showed a severely reduced endothelial surface layer with electron microscopical images comparable to those of previous studies [7] .
Effects of glycocalyx perturbation on collateral artery growth
Following this description of altered glycocalyx dimensions in growing collateral arteries, we wanted to investigate the functional importance of the endothelial surface layer for adaptive arteriogenesis and studied collateral artery growth under conditions of a perturbed glycocalyx following hyaluronidase infusion. The systemic infusion of this degrading enzyme has been shown to significantly reduce glycocalyx width on the capillary endothelium in rats
Interestingly [23] . In isolated canine femoral arteries, hyaluronidase treatment reduced flow induced NO production by 80% [24] . Acetylcholine-induced production of NO remained unaffected by glycocalyx perturbation, indicating that hyaluronic acid is essential for shear-stimulated but not for agonist induced NOproduction. Because arteriogenesis is largely driven by increased fluid shear stress following collateral artery recruitment [12] [3] , these findings could explain the attenuated collateral artery growth following glycocalyx perturbation. A recent study in the hamster window chamber model also described an impaired capillary perfusion following acute hyaluronidase infusion [28] . In our own model, continuous infusion of high-dose adenosine into the perfusion system ensures maximal vasodilation at the time of haemodynamic measurements and excludes potential differences in vasomotor tonus as a confounding factor. Hyaluronidase effects on endothelial shear stress sensing could, however, be a common explanatory mechanism for both flow-dependent vascular relaxation and shear stress-mediated collateral artery growth.
CFI measurements and glycocalyx shedding
The invasive assessment of CFI using intracoronary pressure measurements is currently considered the most accurate and sensitive method of evaluating collateral circulation in patients [29] and recent investigations have tried to link circulating cellular markers to different degrees of collateralization [5, 30] [7] and diabetic vasculopathy [32] . In type 1 diabetic patients, total endovascular glycocalyx volume was reduced to about 50% of healthy volunteers [33] , and in an atherosclerotic mouse model reduced glycocalyx dimensions precede the development of atherosclerotic lesions [2] . Interestingly, both diabetes [34] as well as hypercholesterolemia [35] are also correlated with a severe impairment of collateral artery growth. Although several explanations have been postulated [36] 
